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www.rsc.org/catalysisMaximizing n-alkane hydroisomerization: the
interplay of phase, feed complexity and zeolite
catalyst mixing†
B. D. Vandegehuchte,a J. W. Thybaut,*a J. A. Martensb and G. B. MarinaMixing of zeolites with different pore sizes enhances the yield of
skeletal isomers from pure n-alkanes, but this synergic effect is
limited in n-alkane mixtures because of preferential adsorption
and cracking of the longest molecules. Single-Event MicroKinetic
(SEMK) analysis reveals that enhanced yields of skeletal isomers
can be obtained even with n-alkane mixtures, provided that
the hydroisomerization reaction is performed under liquid-phase
reaction conditions. Skeletal isomerization of linear alkanes is
an essential process of fossil and renewable hydrocarbon fuel and
lubricant production. The SEMK model enables the selection of
optimum catalyst formulation and reaction conditions for superior
paraffinic wax hydroconversion.
Current trends in fuel quality regulations prompt more
advanced production processes for environmentally benign
diesel and gasoline fuels exhibiting desired (ignition) properties.
Medium-pore zeolites containing a one-dimensional pore
structure, such as TON, MTT and AEL, have been established
as ideal n-alkane hydroisomerization catalysts giving rise to
15–20% enhancement of the maximum isomer yield com-
pared to non-shape selective catalysts.1,2 The latter was ratio-
nalized in terms of the suppression of multibranched feed
isomer formation at the pore mouths, while the active sites
inside the pores remain exclusively accessible to linear
alkanes.3,4 Such shape-selective phenomena were denoted
as ‘pore mouth’ and ‘key lock’ catalysis by Martens and
co-workers,5,6 who thoroughly investigated the product distri-
butions obtained from heavy alkane hydroconversion on
Pt/H–ZSM22. Although contested by a few other authors,7,8
the establishment of pore mouth and key lock catalysis during
n-alkane hydroconversion on unidirectional 10-memberedpore zeolites was supported by separate physisorption mea-
surements.9,10 The elimination of micropore acid sites, acces-
sible only to linear alkanes, was found crucial in optimizing
the isomer selectivity of the catalyst, as elaborated from vari-
ous synthesis studies.11,12
A further increase in maximum isomer yield could be
achieved by physically mixing a ZSM22 (Si/Al = 45) zeolite
with a non-shape selective Y (Si/Al = 2.6) zeolite, both loaded
with 0.5 wt% Pt.13 The observed synergy was explained
through primary monobranching on the more active ZSM22,
followed by secondary dibranched isomer formation on the
more mildly active Y. The corresponding energy profiles
are schematically represented in Fig. 1. Herein, the only rele-
vant cracking mode on ZSM22, which is (s;p) β-scission of
n-alkanes towards an unstable primary ion inside the micro-
pores, is not shown. The pathway with the least resistance,
i.e., the lowest activation energies, is followed. As evident
from the profile corresponding to the catalyst mixture
depicted on the right, multibranching occurs exclusively on
the Y zeolite after primary monobranching on ZSM22. Thisl., 2015, 5, 2053–2058 | 2053
omerization (full lines) and
, di- and tribranched alkanes
(black), Pt/NaH–Y (gray), and
NaH–Y (bold line, right).
Catalysis Science & TechnologyCommunication
Pu
bl
ish
ed
 o
n 
23
 S
ep
te
m
be
r 2
01
4.
 D
ow
nl
oa
de
d 
by
 K
U
 L
eu
ve
n 
U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
23
/0
4/
20
15
 1
3:
13
:0
1.
 
View Article Onlinereaction sequence is also schematically depicted in Fig. 2-a.
The activity of the Y zeolite should be tuned such that further
isomerization toward tribranched species, which are suscep-
tible to fast cracking,14 is avoided.
By virtue of a fundamental Single-Event MicroKinetic
(SEMK) model, Choudhury et al.15 adequately simulated
this synergy effect during n-decane hydroconversion by
proportionally adding the net production rates, as evaluated
on the individual catalysts, in accordance with the catalyst
bed composition. The SEMK methodology, which is ideally
suited to cope with complex reaction networks, relies on
the concept of reaction families to reduce the number of
model parameters while retaining its fundamental char-
acter. Physical phenomena, such as van der Waals forces
between the reacting species and the catalyst framework, and
bulk phase non-ideality are explicitly accounted for on top of
the actual, intrinsic kinetics. This fundamental character of the
model guarantees adequate extension from gas phase pure-
component alkane data towards more industrially relevant2054 | Catal. Sci. Technol., 2015, 5, 2053–2058
Fig. 2 Schematic representation of the effect of synergy between ZSM22
parapur hydroconversion (b and d) under gas-phase (a and b) and liquid
decane, undecane, dodecane and tridecane are represented as dotted, dashconditions such as (complex) mixtures under liquid-phase
conditions.16–18
The present work demonstrates how physisorption and
phase effects can significantly conceal intrinsic reaction kinetics
in hydroconversion. The synergy between a shape-selective and
a non-shape selective zeolite is further explored for an n-alkane
mixture under liquid-phase conditions via SEMK model simula-
tions. The most important model assumptions imply:
1. Alkane physisorption occurs in the catalyst's micropores
prior to any chemical reaction. Due to the narrow pore
structure, any alkane entering the micropores experiences van
der Waals interactions with mainly the pore walls, resulting
in strong confinement; a multicomponent Langmuir isotherm
could adequately describe this physisorption step.19 The
corresponding standard physisorption enthalpy and entropy
losses are proportional to the component's carbon number.
Because the latter is dominated by the former, the overall
physisorption stabilization increases with increasing sorbate
alkane number.19This journal is © The Royal Society of Chemistry 2015
and Y on the total isomerization yield during n-decane (a and c) and
-phase conditions (c and d). Isomerization and cracking products of
ed, full and bold lines, respectively.
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View Article Online2. Dehydrogenation equilibrium is established between
alkanes and alkenes by the metal sites, giving rise to the
so-called ‘ideal hydroconversion’.20
3. Alkene protonation at the catalyst's acid sites is quasi-
equilibrated and can be described by means of a Langmuir
isotherm-type expression.20
4. Isomerization via alkyl shift and PCP branching, and
β-scission of carbenium ions act as the rate-determining
steps in the catalytic cycles considered in the reaction
network.1
5. The large number of elementary steps in the reaction
network can be classified into a limited number of reaction
families based on the type of reaction and the types of reac-
tant and product carbenium ion involved. Unique, ‘single-
event’ rate coefficients per reaction family reflect the actual
chemistry involved in the reaction, while symmetry and
chirality effects are separately accounted for by a factor called
the ‘number of single events’. More details on the SEMK
methodology are available in recent work21 and have been
concisely summarized in the ESI.†
Bulk phase non-ideality, which is incorporated via a liquid-
phase fugacity coefficient, primarily affects the physisorption
step inside the zeolite pores.16 Pore mouth and key lock
mechanisms remain dominant in a reactive environment
regardless of the phase of the feed,22 even though branched
alkanes might adopt a configuration at full saturation which
allows them to enter the micropores of ZSM22.23 The incorpo-
ration of phase and extreme shape selectivity phenomena in
the present model is elaborated in more detail in the ESI.†
Initially, n-decane is considered as a feed, such as in
earlier studies.13,15 Next, the effects of the feed mixture and
liquid bulk phase on the total isomer selectivity of physical
Y–ZSM22 mixtures are systematically assessed by means of
SEMK model simulations. To this purpose, the behavior of
parapur, i.e., a commercial mixture of n-alkanes with compo-
sition reported in Table 1,17 was evaluated. Parapur is an ade-
quate model feed for a Fischer–Tropsch wax primarily
composed of n-alkanes which require a post-processing step
to convert them into high-quality fuel blends.24,25 By virtue of
the SEMK methodology, the gap between gas- and liquid-
phase conversion can be adequately bridged, which17,18 con-
sequently opens up the route towards SEMK-based screening
of advanced catalytic materials under virtually any set of reac-
tion conditions. The acquisition itself of intrinsic kinetic data
under liquid bulk phase conditions and total feed conver-
sions exceeding 90% remains a challenging task due to, e.g.,
catalyst deactivation via coking.26 Gas-to-liquid phase kineticThis journal is © The Royal Society of Chemistry 2015
Table 1 Molar composition of parapur. ‘Trace’ amounts of n-nonane
and n-tetradecane are not included17
Component Molar composition (%)
n-Decane (nC10) 17
n-Undecane (nC11) 43
n-Dodecane (nC12) 28
n-Tridecane (nC13) 12simulations have been proven however to provide an ade-
quate representation of liquid-phase kinetic performance
starting from gas phase data.16,18
SEMK simulation studies were carried out considering a
75–25, a 50–50 and a 25–75 wt% Y–ZSM22 mixture, in addi-
tion to the pure catalysts. ZSM22 and Y zeolites identical to
those applied in the work of Choudhury et al.15 were consid-
ered. The total isomerization yield is defined as the sum of
all individual isomer yields:
Y Y F
Fi
n
i
n
iso i
i
feed
iso iso 
 
 
1
0
1
(1)
Herein, Yi represents the yield of isomer species i, as cal-
culated from its outlet flow rate Fi relative to the inlet flow
rate of the corresponding n-alkane feed. Outlet flow rates
were calculated by adopting an ideal plug flow reactor model.
Gas-phase experiments were simulated at 513 K and 1 MPa
with an inlet H2–nC10 molar ratio of 100. The space time was
varied from 10 to 1250 kg s mol−1, allowing simulation of the
total isomerization yield in the entire range of feed conver-
sion. While the effects of the reactor pressure and hydrogen
inlet flow rate on the resulting product distribution are
marginal, the reaction temperature significantly impacts the
isomer selectivity of the ZSM22 catalyst. The latter stems
from an increased contribution of (s;p) β-scission in the
micropores at elevated temperatures. As will be shown later
on, the reaction temperature serves as an important design
parameter to maximize the total isomerization yield in
n-alkane hydroconversion.
Fig. 3-a indicates the synergy that can be obtained for the
total isomerization yield on Y–ZSM22 mixtures in the case of
gas-phase n-decane hydroconversion.13,15 The best perfor-
mance is obtained with the catalyst mixture containing 75 wt%
ZSM22. Simulation results using parapur as a feed indicate
a maximum obtainable isomerization yield of only 34% and
60% on Y and ZSM22, respectively. A synergy effect between
both catalysts, as observed during n-decane hydroconversion,
remained practically absent, vide Fig. 3-b. This can be attrib-
uted to the molecular stabilization by physisorption being
proportional to the carbon number of the species interacting
with the catalyst framework,26 see also Fig. 2-b. As a result,
the conversion of nC13 occurs preferentially, followed by nC12
and nC11, vide Fig. 4-a. Consequently, the total isomerization
yield remains low compared to the individual isomer yields,
certainly in case of Y, because heavier isomers are already
cracked before lighter alkanes reach their maximum isomeri-
zation yield. This even induces a distinct inflection point in
the corresponding total isomerization curve at a feed conver-
sion of approximately 60%. Such a discrepancy is less pro-
nounced on ZSM22 as the extent of cracking is considerably
reduced by the shape selective behavior of the catalyst
framework.
Liquid-phase effects were initially investigated using again
n-decane as a feed. A total pressure of 9 MPa and an inlet H2–nC10
ratio of 4 were applied while the reaction temperature againCatal. Sci. Technol., 2015, 5, 2053–2058 | 2055
Fig. 3 Simulated total isomerization yield (eqn 1) at 513 K as a function of the total n-decane (a and c) or parapur conversion (b and d) from
gas-phase (a and b) or liquid-phase hydroconversion (c and d) on Y (full), ZSM22 (dot), a 75–25 wt% (long dash), a 50–50 wt% (short dash) and a
25–75 wt% Y–ZSM22 mixture (dash dot), calculated using the SEMK model described in the ESI.†
Fig. 4 Simulated total isomerization yield (full) and individual feed isomer yields (eqn 1) of C11 (dot), C12 (short dash) and C13 alkanes (long dash)
as a function of the total feed conversion at 513 K on Y (black lines) and ZSM22 (gray lines) during the gas-phase reaction at 1 MPa (a) and the
liquid-phase reaction at 6 MPa (b).
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View Article Onlineamounted up to 513 K. Compared to the results obtained
under gas-phase conditions, Fig. 3-c shows a similar, yet
more subtle increase in total isomerization yield when physi-
cal mixtures of both catalysts are used. Owing to the high
hydrocarbon concentration under liquid-phase conditions,
physisorption and reaction inside the catalyst micropores
invariably occur in the saturation regime, vide Fig. 2-c.
Saturation of the ZSM22 micropores in particular induces an
increased contribution of (s;p) β-scission to the overall reac-
tion kinetics, which in turn limits the global isomer yield and
attenuates the synergy between both catalysts. Nevertheless, a2056 | Catal. Sci. Technol., 2015, 5, 2053–2058synergy effect remains noticeable from the 50–50 wt% catalyst
mixture onwards.
Apparently, mixture and liquid-phase effects are detrimen-
tal to the global isomerization affinity of Y–ZSM22 mixtures.
Simulation of liquid-phase parapur hydroconversion con-
siders both effects simultaneously; it was performed by
adopting reaction conditions identical to those applied for an
n-decane feed. Fig. 3-d shows a generally higher total isomeri-
zation yield compared to the results obtained from gas-phase
parapur conversion for any of the catalysts and catalyst mixtures
considered. The synergy between both catalysts surprisinglyThis journal is © The Royal Society of Chemistry 2015
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View Article Onlinere-emerges for the mixture containing 75 wt% ZSM22. As the
intrinsic reaction kinetics is independent of the reactant bulk
phase, other physical phenomena are responsible for the
differences observed between gas- and liquid-phase hydro-
conversion of parapur. At micropore saturation under liquid-
phase conditions, the extent of physisorption stabilization is
not solely determined by the van der Waals forces
between the sorbate and the sorbent (which favor the heavier
hydrocarbons), but also by the intermolecular interactions
between components with different carbon numbers.16,27,28
The latter interactions primarily hamper the physisorption of
the heaviest compounds, leading to a considerably increased
contribution of the lighter species to the physisorbed phase.26
In the case of a parapur feed, the preferred physisorption and
subsequent reaction of C13 compounds, as observed during
gas-phase reaction, have entirely vanished, see Fig. 2-d and
4-b, leading to maxima in individual alkane isomer yields,
which nearly coincide with the maximum in total isomeriza-
tion yield. Micropore saturation hence serves as a vital
criterion to sustain the synergy between Y and ZSM22 when
reverting to commercial paraffinic feeds.
The present simulation study nicely demonstrates how
van der Waals forces govern the occurring intrinsic reac-
tion kinetics as a function of the phase and feed composi-
tion. While the model gas-phase component experimentation
is commonly preferred when evaluating the catalytic behav-
ior, it remains crucial to quantitatively assess the mixture
behavior under liquid-phase conditions. The present work
convincingly illustrates how this can be achieved by model-
ing; moreover, conclusions purely based on gas-phase infor-
mation may have resulted in the rejection of a potentially
interesting physical catalyst mixture that can be used for
converting n-alkane mixtures under liquid-phase conditions.
The versatility of the SEMK methodology is further dem-
onstrated by the quantitative assessment of the total isomer
yield which can be obtained as a function of the physical
mixture composition and the temperature in liquid-phase
parapur hydroconversion, see Fig. 5. The synergy between Y
and ZSM22 is most obvious with catalyst mixtures mainlyThis journal is © The Royal Society of Chemistry 2015
Fig. 5 Effect of reaction temperature and catalyst mixture
composition on the maximum total isomerization yield (eqn 1) during
liquid-phase parapur hydroconversion on Y–ZSM22 mixtures, simulated
using the SEMK model elaborated in the ESI.†composed of the latter catalyst, i.e., around 75 wt% at 460 K.
As the reaction temperature increases, the optimal composi-
tion gradually moves toward 50–50 wt% at temperatures
exceeding 540 K, owing to an enhanced contribution of crack-
ing inside the ZSM22 micropores. The highest total isomeri-
zation yield is therefore obtained at the lowest temperature.
Of course, an adequate trade-off needs to be made between
this total isomer selectivity and the catalyst amount required
to attain a sufficiently high feed conversion.
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